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Abstract

The extant research is inconclusive regarding the best sampling methods to construct reliable

measures of between-person differences in derived parameters of diurnal cortisol, and no study

provides such recommendations for detecting within-person changes. These studies determined

how many days of sampling are necessary to assess between-person differences and within-person

changes over multiple occasions in diurnal mean, diurnal slope, and area under the curve (AUC).

Generalizability and decision analyses were conducted on diurnal salivary cortisol data from two

separate longitudinal studies, one with younger adults (N = 124) and one with older adults (N =

148). In both studies, results indicated that 3 days of data collection provided the minimal level of

reliability in mean cortisol to detect between-person differences; 4–8 days were necessary to

reliably assess AUC, and 10 days for cortisol slope. Similarly, in order to reliably characterize

within-person changes across occasions, at least 3 days of data collection were needed for mean

cortisol and AUC and 5–8 days for slope. Results also indicated that only two samples per day,

taken morning and evening, could faithfully reproduce the diurnal slope calculated from 3 or 4

samples (r = .97–.99). Instead of having participants provide many samples per day over the

course of a few days, we recommend collecting fewer samples per day over more days.
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Many studies explore the relationship between salivary cortisol and personal, situational,

and environmental psychosocial variables. The present paper generates “physiometric”

(Segerstrom & Smith, 2012) data to inform design decisions about diurnal cortisol in such

studies. Measures taken on multiple people at multiple times contain three sources of

variability: between-person, within-person, and measurement error. Between-person

variability reflects how one person differs from another. Within-person variability reflects

how people differ from themselves across time. Measurement error reflects the difference

between the true state of a person at the time of measurement and the results of that

measurement. We provide estimates of these sources of variability and use these estimates to

predict generalizability associated with various designs. By doing so, we hope to promote

(1) study design that respects the measurement properties of diurnal cortisol, (2) the regular

reporting of physiometric information, and (3) further research specifically testing

generalizability in varied samples and varied designs and over varied intervals.

Understanding and maximizing the reliability of measures of biological variables is

important to study designs that will yield accurate estimates. In a Monte Carlo analysis,

when predicting an unreliable (.29) measure of immunity taken from a single occasion of

measurement, 227/1000 beta weights fell outside the 95% confidence interval obtained

using a reliable (.84) measure taken from an aggregation across occasions. Aggregating

across more measurement occasions and thereby increasing reliability decreased the number

of anomalous results (Segerstrom, Lubach, & Coe, 2006).

When assessed on consecutive days, approximately half of the variance in both cortisol level

and diurnal slope is stable between-person variability, and half is idiosyncratic to the day

(Kirschbaum et al., 1990; Kraemer et al., 2006; Golden et al., 2011; Kertes & van Dulmen,

2012; though see Hruschka et al., 2005). However, as intervals increase to weeks or months,

the proportion of stable between-person variability decreases to approximately 10%

(Kirschbaum et al., 1990; Hruschka et al., 2005; Rotenberg et al., 2012; Shirtcliff et al.,

2012; c.f., Gex-Fabry et al., 2012). A person’s cortisol parameters measured today have

limited generalizability to other time points, even yesterday or tomorrow. The necessity of

multiple assessment days in extracting stable person variance in cortisol parameters is

therefore widely recognized; however, recommendations for how many days vary. The

MacArthur Network’s online recommendation is “3–4 days to get a reliable assessment of a

‘trait’ daily concentration (area-under-the-curve), and 6 or more days to get a reliable

assessment of a ‘trait’ rhythm.” Kraemer and colleagues (2006) estimated 2–3 days to

reliably estimate “trait” slope. Hruschka and colleagues (2005) estimated 14–22 days to

reliably estimate “trait” slope (albeit fewer for cortisol level). Clearly, “more studies need to

be carried out … to define the precise parameters of sampling requirements” (Goodyer et al.,

2001, p. 243).

In studies with multiple measurement occasions (e.g., an intervention study with baseline,

post-intervention, and follow-up or a longitudinal study with annual measurement
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occasions), cortisol might be measured on multiple days within each occasion. Variance

estimates for single-day measurements are of limited utility for design decisions involving

multiple measurements at multiple time points (Kirschbaum et al., 1990; Hruschka et al.,

2005; Rotenberg et al., 2012; Shirtcliff et al., 2012). Instead, decisions may focus on the

number of days and occasions required for measures to discriminate people from each other

at the same occasion, different occasions, or across an aggregate of occasions with adequate

reliability. Furthermore, there is the question of how many days per occasion would be

required for a measure to discriminate a person at one occasion from him- or herself a

different occasion with adequate reliability (e.g., before and after treatment) (Cranford et al.,

2006). Table 1 provides examples of study designs that focus on discriminating people from

each other when measured once at the same occasion (I), when measured once at different

occasions (II), and when measured across several occasions (III), as well as a study design

that focuses on discriminating change within people across several occasions (IV).

The challenge in designing diurnal cortisol studies is to maximize variability arising from

the facet of interest (e.g., differences between or changes within people) and minimize

variability due to other facets and measurement error. Classical test theory assumes that any

observed score is the result of a true score and error variance. Generalizability theory

(Shavelson & Webb, 1991; Brennan, 2001) extends this assumption to encompass multiple

sources of variance, for example, due to people, occasions, and their interaction. What

variance is of interest and therefore “true score”, however, depends on the design and

research question. For example, to demonstrate that “individuals differ in their patterns of

cortisol secretion and … these differences exhibit some stability over time” (Hruschka et al.,

2005, p. 699), the “true score” of a cortisol parameter would consist of person variance, and

“error” variance would arise from day and occasion variance, as well as their interactions

(Cranford et al., 2006). In other cases, the variance across occasions (i.e., change over time)

may be the “true score”, and “error” variance would arise from variance among the days

comprising each occasion. (Measurement error per se typically accounts for very little

variability in cortisol when assays are done competently; Kirschbaum et al., 1990; Kertes &

van Dulmen, 2012; Marceau et al., 2013). Even the variability of scores can be the “true

score” of interest (e.g., Marceau et al., 2013), but it is still necessary to provide for adequate

reliability in the measurement of variability, itself a methodological challenge (Estabrook,

Grimm, & Bowles, 2012).

Finally, derived measures such as diurnal slope require consideration of another design

decision, involving the number of samples collected each day and their timing (Kudielka et

al., 2012). Some studies of diurnal slope have asked participants to provide over 40 samples

(Ice et al., 2004), but other evidence suggests two to three samples per day may effectively

reproduce the slope calculated from more samples (Kraemer et al., 2006). Collecting many

samples per day is expensive for researchers and burdensome to participants. Therefore,

further research is needed to clarify how well fewer samples reproduce slopes calculated

using more samples per day.
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The Current Studies

We applied generalizability theory (Shavelson & Webb, 1991; Brennan, 2001) to two

longitudinal studies, one with younger adults and one with older adults. Generalizability

theory (Shavelson & Webb, 1991; Brennan, 2001) is an extension of reliability theory with

the capacity to estimate what percentage of a single value or assessment is due to stable

individual differences, measurement occasions, or interactions between individuals and

occasions. A generalizability (G) study uses variance estimates (such as those derived when

conducting ANOVA or similar models) to partition variance among these different

components. A decision (D) study then uses the results of the G study to inform design

decisions that have the goal of achieving adequate measurement reliability and

generalizability. The analyses therefore described the sources of variance in diurnal cortisol

and provided design decision parameters.

The main design analysis addressed how many days of sampling would be necessary to

characterize between-person differences and within-person changes in diurnal cortisol

measures with adequate reliability. We also tested whether the data conformed to indications

that few samples, particularly if taken at waking and late in the day, can reproduce the

diurnal slope calculated with more samples with good fidelity (Kraemer et al., 2006).

Finally, we demonstrate that “noise” from one analysis perspective (i.e., daily variability

that comprises error in the analysis of between-person differences) can be substantive in

another analysis perspective (i.e., daily and occasion variability can be predicted from

within-person changes in affect and health behavior).

Study 1

First-year law students collected saliva samples at 5 times over 3 consecutive weekdays at 5

different occasions. Students were assessed before they started law school in August, during

the semester (M = 44 days later, SD = 2 days), during exams (M = 57 days later, SD = 3

days), after grades were released (M = 36 days later, SD = 4 days), and during interviews for

summer internships (M = 29 days later, SD = 5 days). Stress due to law school was reported

as lowest mid-semester and highest during finals (Roach et al., 2010). Variance due to

people, occasions, and days was partitioned and used to calculate four kinds of reliability

estimates (see Table 1; Cranford et al., 2006). Finally, we tested whether this variance could

be predicted by daily assessment of mood and health behavior, effectively treating “error”

variance as variance of interest (Segerstrom & Smith, 2012).

Method

Participants—Participants were 124 first-year law students. The sample was 55% female.

Reported ethnicities were white (90%), Asian-American (1%), African-American (7%), and

more than one race (2%). The mean age was 23.9 (SD = 2.9).

Procedure—All members of five consecutive incoming law school classes (2001–2005)

received recruitment packets during the summer before starting law school. If interested in

the study, they returned a signed informed consent, contact information, and a screening

form for exclusion criteria related to mental health (e.g., self-reported history of impairment
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of function for 2 weeks or more), physical health (e.g., autoimmune disease), and substance

use (e.g., more than two drinks of alcohol every day). At each measurement occasion,

participants collected saliva samples at home over three consecutive weekdays at waking, 30

minutes post-waking, noon, 5 pm, and 9 pm. Participants completed a health behavior and

mood questionnaire on each of the sampling days. They received $50 for their participation

at each time point.

Measures—Affect was measured daily in the evening using the PANAS-X with the

“today” instruction (Watson & Clark, 1994). There were 4 subscales measuring negative

affects (Fear, Hostility, Guilt, and Sadness), 3 subscales measuring positive affects

(Joviality, Self-Assurance, and Attentiveness), and 4 measuring other affective states

(Shyness, Fatigue, Serenity, and Surprise).

Health behaviors were measured daily in the evening with a series of items employing 11-

item Likert scales ranging from 0 to 100, with anchors of “much less than usual” and “much

more than usual”. The items referred to daily “physical activity or exercise”, “your health

(how generally well you felt)?”, “stressful”, “pain”, “sleep”, “protein (e.g., meats or

vegetable protein)/fat (e.g., oils or butter)/complex carbohydrate (e.g., starches, fruits)/sugar

(e.g., sugared soft drinks, candy, or anything containing refined sugar)”, “caffeinated

beverages”, and “alcoholic beverages”. Individuals who did not drink caffeinated beverages

or alcohol were instructed to leave those respective items blank.

Cortisol: Saliva samples were collected in pre-labeled Salivettes (Walter Sarstedt Inc.,

Newton, North Carolina), centrifuged, aliquoted, and frozen at −80 °C. Cortisol levels were

assessed using an enzyme immunoassay (Salimetrics, Inc., State College, PA). Assay

sensitivity was 0.007 ug/dL. The inter-assay CV was 7.76% for the low control and 4.66%

for the high control. The intra-assay CV average was 6.50% using the low control and

3.19% using the high control.

There were 572 occasions of data collected of a possible 620 (124 enrollees*5 occasions;

92%). Most missing data were due to drop-outs (38; 6%). The rest were idiosyncratically

due to missing both questionnaire data and cortisol (5; 1%) or only cortisol (5; 1%) at one

occasion. Within occasions, each time point had 89–96% valid data. The primary reasons for

missing data were missing samples, insufficient samples, and undetectable levels in the

samples.

Data were excluded if reported collection time was outside a window defined as 4 SD earlier

or later than mean collection time, in minutes (0.2% of cases were excluded). In cases in

which subjects provided saliva but did not record the collection time for the sample (3% of

cases), time values were imputed using the expectation-maximization algorithm in SPSS

(cortisol values were not imputed). Of a total of 8,395 cortisol values, 11 were excluded on

the basis that raw cortisol values were more than 4 standard deviations from the mean,

calculated over collection time: High values were maintained in reassays performed after

dilution, and no explanation for elevation could be found in the comments regarding sample

collection.
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The 30 minute post-waking sample was not used in the present study. The physiological,

psychological, and clinical relevance of the cortisol awakening response (CAR) differs from

that of other measures of salivary cortisol that integrate secretion level over the entire

waking period; furthermore, the CAR and overall diurnal secretion are under different

neurobiological control systems (Kraemer et al., 2006; Kumari et al., 2011; Sephton et al.,

2000, 2013).

The distribution of raw cortisol values is typically skewed and the normal diurnal profile

may be approximated by an exponential curve, so raw values were log transformed. Log

cortisol values were regressed on the exact, reported time of sample collection. As per

recommendations (Kramer et al., 2006), the diurnal slope calculation was anchored to

waking cortisol, excluding the 30-minute post-waking sample. The unstandardized beta

weight measured cortisol slope. Flatter diurnal cortisol slopes may reflect an overall

flattening of the HPA rhythm, phase changes in circadian rhythm, ultradian rhythms,

elevated trough levels, or blunted peak levels. Abnormally timed peaks occur in cases of

phase change or ultradian rhythm (cycles shorter than 24 hours); in which peaks may occur

in the afternoon, evening, or nighttime hours rather than in the morning (Sephton et al.,

2000).

Mean cortisol comprised the mean of the log cortisol values. The area under the curve

(AUC) calculation used mean raw cortisol values (Cx) and collection times (Tx) calculated

over three days of assessment for each suggested time of collection (x = wake, noon, 5pm,

or 9 pm). AUC was calculated by trapezoidal estimation using the formula: AUC = .

5[(Cwake+C noon)x(Tnoon−Twake)] +.5[(Cnoon+C5pm)x(T5pm−Tnoon)]+.5[(C5pm+

C9pm)x(T9pm−T5pm)]

Data analysis

Generalizability and decision analyses: In the present study, the completely crossed facets

of the G study were people, occasions, and days. SAS PROC GLM was used to obtain mean

squares values. These values were used to calculate the generalizability coefficient for each

facet and interaction (Brennan, 2001). The percentage of variance attributable to each term

was calculated by dividing each coefficient by the total. Estimates from the G study were

then used in the D study to estimate four kinds of reliability (Table 1). See Cranford and

colleagues (2006) for a discussion of how the equations are constructed. Briefly, the

equations are as follows, where p = person; o = occasion; d = day; m = number of days per

occasion; and n = number of occasions:

Design I: (σ2
p+σ2

pd/m)/(σ2
p+σ2

pd/m+σ2
pod/m)

Design II: (σ2
p+σ2

pd/m)/(σ2
p+σ2

pd/m+σ2
o+σ2

po+σ2
pod/m)

Design III: (σ2
p+σ2

pd/m)/(σ2
p+σ2

pd/m+σ2
pod/mn)

Design IV: (σ2
po)/(σ2

po+σ2
pod/m)

Within-day decisions: Following precedent (Kraemer et al., 2006), we calculated the

cortisol slope for each day using permutations of sample combinations and used pairwise

correlations to examine the degree to which each permutation correlated with the same slope
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calculated with all available samples. Because each observation was not independent, we

first calculated the correlation across observations within each person having 3 or more

occasions of observation (N = 115), converted these 115 mean correlations to Fisher’s z’,

took their mean across people, and converted the mean z’ back to r to report the mean

correlation, across occasions and people, between that permutation and the slope with all

available samples.

Multi-level models: To explore sources of the variability identified in the generalizability

study, multilevel models with health behaviors and mood as predictors and cortisol

parameters as outcomes were tested using SAS PROC MIXED with maximum likelihood

estimation. The model had days at Level l, occasions at Level 2, and people at Level 3. To

identify the level at which each predictor accounted for cortisol variance, each was

partitioned into three terms. The first term was the grand mean for each person across

occasions and days. This term could account for differences between people in cortisol. The

second term was the deviation of the occasion-level mean from the grand mean. This term

could account for differences at different occasions within people. Finally, the third term

was the deviation of the day-level from the occasion mean. This term could account for

differences on different days within occasions.

For each predictor, the change in the −2 log likelihood of the model after adding all three

terms tested whether that predictor accounted for statistically significant variance in cortisol,

using the χ2 distribution. To reduce the possibility of Type I error, a familywise Bonferroni

correction was applied to the analyses of the health behavior predictors (.05/11 = .005) and

the affect predictors (.05/11 = .005). If there was significant prediction, the individual terms

were examined to determine at which level prediction occurred. This result is reported using

the gamma weight, which is analogous to an unstandardized beta weight in regression.

Results

Generalizability Study: Variability—For all three cortisol parameters (see Table 2), the

largest amount of variance was attributable to idiosyncratic interactions between person,

occasion, and day (i.e., effects specific to a particular person at a particular occasion on a

particular day), plus error (the two are statistically indistinguishable). For slope,

approximately 10% of variance was attributable to stable differences between people. This

value is unacceptably low if cortisol slope on a single day is used as a measure to estimate

differences between people. This estimate was higher for diurnal mean and AUC, at

approximately .24 and .19, although these estimates also indicate that a single day’s

measurement yields unacceptably low values to estimate differences between people.

There were meaningful amounts of variance attributable to individual differences in the

effects of occasion. Despite negligible amounts of variance due to occasion per se, there was

evidence that individuals reacted to occasions in idiosyncratic ways. Finally, there were no

systematic differences between days (e.g., Day 1 was not systematically different – higher or

lower – from Day 2 or Day 3, nor Day 2 from Day 3) or occasions (e.g., the first occasion

was not systematically different – higher or lower – from the other occasions). The last line

of Table 2 shows that, in comparison with mean and AUC, diurnal slope has the least
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systematic variance when sources related to the person, occasion, and day are all considered.

That is, diurnal slope has the most variance due to effects specific to a particular day at a

particular occasion experienced by a particular person, as well as error.

Decision Study: Reliability—Although there is no systematic effect of day or occasion,

there is substantial variance in the person*occasion*day term. If one wishes to “wash out”

the day portion to get a reliable estimate of a person’s cortisol profile when measured at a

single occasion, or to “wash out” the day and occasion portion to get a reliable estimate of a

person’s cortisol profile when measured across occasions, then one must assess cortisol

across a sufficient number of days. The number of days required to do so is estimated in the

decision study. Table 3 shows the results of the decision study estimating reliability of

measurement between people at the same occasion; reliability of measurement between

people at different occasions (separated by 4–8 weeks); and reliability of measurement

between occasions within people. The results from the present design, with 3 days collected

at each occasion, are in bold. The Table also shows predicted reliabilities if data were

collected for more days.

Using a standard of adequate reliability (.60), the 3 days of data adequately characterized

differences between people at a single occasion for mean cortisol, and only one additional

day would be required to characterize differences between people in AUC with adequate

reliability. When the specific numbers of days projected to reach adequate reliability of

measurement was computed, 11 or more days would adequately characterize differences

between people at a single occasion for diurnal slope. Only mean cortisol measurement

would reach high reliability (.80) at 7 days; AUC would reach this standard at 11 days, and

the slope would not reach it even at 21 days. These estimates assume measurement at the

same occasion. The next set of estimates illustrates the decrease in reliability of

measurement resulting from assessment at different occasions. Under this assumption, none

of the parameters characterized differences between people with adequate reliability.

The third set of estimates shows estimated measure reliability over 3 days of cortisol as they

characterize differences between occasions within people. These estimates show adequate

reliability for measures of mean cortisol and AUC. The diurnal slope would require 8 days

of collection at each occasion for the measurement of change over occasions within people

to be reliable. Mean cortisol measurement would reach high reliability (.80) at 5 days; AUC

would reach this standard at 8 days, and the slope would reach it with 21 days of collection.

Table 4 shows reliability estimates for measurement of cortisol parameters across 3 days and

across all 5 occasions (i.e., 15 total days) to characterize differences between people.

Measures of all parameters had adequate between-person reliability, and mean cortisol and

AUC were measured with good reliability. The Table also shows hypothetical measurement

reliabilities if data were collected over more days and occasions. An important characteristic

of these results is that they are symmetric: Adding more days to each occasion was not more

or less effective in improving measurement reliability than adding more occasions. Rather,

the total number of days collected appeared to be most important. For an adequately reliable

measurement of diurnal slope, this total should be near 15 days; for mean, 3 days; and for

AUC, 4 days.
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How many samples per day for diurnal slope?—Another design decision concerns

the number of samples per day required to accurately reproduce a diurnal slope calculated

with more samples. Table 5 shows that all slope permutations that included the waking and

9 pm times faithfully reproduced the 4-point slope (r = .97 – .99).

Predictors of variability in cortisol—Does the variability in cortisol parameters

identified in the generalizability analysis have systematic predictors related to affect or

health behavior? There were two significant predictors of variability in the diurnal cortisol

slope. First, adding pain predictors resulted in a significant model improvement (χ2(3)=14.4,

p <002). Of the three terms, differences in pain across occasions was the best predictor of

differences in diurnal slope, γ=07, SE=03, t(1520)=2.70, p <007. During measurement

occasions when people reported more pain, diurnal cortisol slope was flatter. Second, adding

fatigue predictors resulted in a significant model improvement (χ2(3)=12.7, p = 005). Of the

three terms, differences in fatigue across days was the best predictor of diurnal slope, γ=94,

SE=.31, t(1519)=3.01, p <003. On days when people reported more fatigue, diurnal cortisol

slope was flatter. There were no significant predictors of diurnal mean or AUC.

Discussion

Recommendations vary regarding the number of days required to characterize diurnal

cortisol parameters, particularly cortisol slope for comparisons of data between people, with

adequate reliability of measurement. Whereas the MacArthur network suggested 3–4 days

for mean cortisol and 6 or more days for cortisol slope, Kraemer and colleagues (2006)

suggested that fewer days would be adequate, and Hruschka and colleagues (2005)

recommended more. The results of this study among young adults are most in accordance

with the recommendation of the MacArthur network. Although 3 days reached a minimal

level of reliable measurement for the cortisol mean, and 4 days for AUC, 11 days would be

necessary to estimate cortisol slope with adequate reliability to assess comparisons between

people measured on similar occasions.

Because of the variance associated with individual differences in reaction to occasions (i.e.,

person*occasion variance: 13.9% for slope, 32.1% for mean, and 26% for AUC), designs in

which people are measured on different occasions make it difficult to isolate person

variance. Multiple weeks of collection would be necessary to do so, which might be

prohibitive for participants as well as researchers.

This is also the first study to estimate how many days would be needed to differentiate

different occasions within a single person, that is, reliable within-person measurement.

These results resembled the estimates for reliable measurement between people. In order to

characterize changes across occasions with adequately reliable assessment, at least 3 days of

data collection per occasion were needed for mean cortisol, 4 days for AUC, and 8 days for

diurnal slope.

However, daily variability is not necessarily something to be eliminated. By measuring

predictors at the day level, “error” variance (i.e., the differences in cortisol levels or slopes

across days) from the perspective of individual differences and changes over occasions

became variance of interest. Note that the larger amount of “idiosyncratic” variability in
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diurnal slope compared with mean and AUC may have facilitated its prediction by these

daily predictors. A measure with little daily variance would provide little to be predicted.

Study 2

One possibility is that the variance in diurnal cortisol is differently distributed in different

samples. Study 2 employed a longitudinal study of healthy older adults.

Method

Participants—Participants were 148 older adults. The sample was 58% female (N = 87).

Reported ethnicities were white (96%, N = 142) and African-American (4%, N = 6). The

mean age at the first occasion of data collection was 74.0 (SD = 6.1).

Procedure—Older adults (≥ 60 years) were recruited from clinics and the volunteer

subject pool of the Sanders-Brown Center on Aging between July, 2006 and December,

2007. Interested individuals were contacted by phone and screened for exclusion criteria

related to physical health: diseases or disorders affecting the immune system or

chemotherapy or radiation treatment within the past 5 years, unwillingness to undergo

vaccination or venipuncture, taking immunomodulatory medications including opiates and

steroids, and taking more than two of particular classes of medications (psychotropics,

antihypertensives, hormone replacement, or thyroid supplements).

Eligible participants were assessed every six months (M interval between occasions = 190

days, SD = 29 days). At each time point, participants were mailed materials for saliva

collection and a health behaviors questionnaire as described for Study 1 (daily affect was not

measured in Study 2). They received $20 for their participation at each time point.

Measures—Health behaviors were measured daily as in Study 1.

Cortisol: Salivary cortisol data collection procedures were similar to those described above,

except that there were 3 samples per day: waking, 5 pm, and 9 pm. Assay sensitivity was

0.003 ug/dL. Data from the low and high control samples yielded respectively, average

inter-assay CVs of 9.40% and 5.49% and intra-assay CVs of 5.31% and 3.13%. There were

417 occasions of data collected of a possible 592 (148 enrollees*4 occasions; 70%). The

largest proportion of participants (36%) completed all 4 occasions; 20%, 3, 34%, 2, and only

10%, 1. All time points had > 98% valid data. Outliers and missing data were treated as in

Study 1. Cortisol summary variables including diurnal mean and diurnal slope were

calculated as in Study 1. The area under the curve (AUC) calculation used mean raw cortisol

values (Cx) and collection times (Tx) calculated over three days of assessment for each

suggested time of collection (x = wake, noon, 5pm, or 9 pm). AUC was calculated by

trapezoidal estimation using the formula: AUC = .5[(Cwake+C5pm)x(T5pm−Twake)] +.

5[(C5pm+ C9pm)x(T9pm−T5pm)]

Data analysis—All analyses were performed as described for Study 1, except SAS PROC

VARCOMP was used to obtain variance components.
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Results

Generalizability Study: Variability—As in Study 1, for all cortisol parameters (see

Table 2), the largest amount of variance was attributable to idiosyncratic interactions

between person, occasion, and day, including error. For diurnal slope, approximately 10% of

variance was attributable to differences between people and for AUC, 11%. This estimate

was higher for the diurnal mean, at approximately 28%. These estimates are similar to the

estimates in Study 1 (11%, 19%, and 24%, respectively), despite differences in samples and

interval between occasions. Also as in Study 1, there were meaningful amounts of variance

(20%–29%) attributable to individual differences in the effects of occasion, but no apparent

effects of occasion per se. Finally, there was no meaningful variance attributable to

systematic differences between days.

Decision Study: Reliability—Table 3 shows the results of the decision study estimating

reliable measurement between people at the same, fixed occasion; between people at

different occasions (separated by 6 months); and within people when they are measured

across occasions. The results from the present design, with 3 days of data collected at each

occasion, are in bold. The Table also shows the predicted measure reliabilities if data were

collected for more days.

Again, the 3 days of data provided adequate reliability of measurement (.60) only for

assessment of differences in mean cortisol between people at a single occasion. When the

specific numbers of days projected to reach adequate measure reliability were computed,

adequate reliability would be reached at 8 days for AUC, and 10 days for diurnal slope.

Only mean cortisol would be assessed with high reliability (.80) at 6 days. AUC would reach

the high reliability standard at 21 days, and slope at more than 21 days of collection. These

estimates assume that everyone was measured at the same occasion. Measurement of none

of the parameters achieved adequate reliability to discriminate between people if they were

measured at different occasions, even at 100 days.

The third set of estimates shows the reliability of measurement for the 3 days of cortisol as

they characterize differences between occasions within people. These estimates of within-

person diurnal cortisol measurement reliability show adequate reliability only for mean

cortisol, although AUC would require only one additional day to reach this threshold.

Diurnal slope measurement would require 5 days of collection for adequate reliability as it

changes within people. High reliability of measurement (.80) would require 6 days of

collection for estimates of mean cortisol, 9 days for AUC, and 14 days for the diurnal slope.

Table 6 shows the reliability of measurement for the 3 days of cortisol across all 4 occasions

(i.e., 12 total days) in the characterization of differences between people. All measures had

adequate between-person reliability, and measurement of mean cortisol had high reliability.

The Table also shows hypothetical measure reliabilities if data were collected over more

days and more occasions. As in Study 1, these results were symmetric across days and

occasions. For diurnal slope, the total number of days collected across occasions should be

near 9 days; for mean, 3 days; and for AUC, 4 days.
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How many samples per day for diurnal slope?—Table 5 shows that again the

permutation of the slopes using the waking and 9 pm time points very faithfully reproduced

the 3-point (waking, 5 pm, and 9 pm) slope (r = .99).

Predictors of variability in cortisol—None of the health behaviors reached statistical

significance in predicting variability in mean cortisol, AUC, or diurnal slope (all χ2(3)≤

10.0, all p >.01).

Discussion

The results from Study 2 paralleled those of Study 1. The minimum numbers of days needed

to construct a reliable measure of between-person variance were 3 for mean cortisol, 8 for

AUC, and 10 for diurnal slope, using a liberal estimate of adequate reliability of .60.

Although this was a demographically different sample with longer periods between

occasions than Study 1, the amounts of variance due to person, occasion, and day were

similar and add confidence in the design recommendations.

General Discussion

Two longitudinal studies generated estimates of the procedures that would best allow

researchers to estimate between-and within-person differences in salivary cortisol with

adequate reliability. Across samples, most of the variance in diurnal cortisol slopes stemmed

from person (individual differences; 11%), person by occasion (occasion effects differing

across people; 14–20%), and person by day by occasion (effects specific to a particular

person at a particular occasion on a particular day and measurement error; 68–75%) effects.

The variance in mean cortisol concentrations also stemmed from person (24–28%), person

by occasion (29–32%), and person by day by occasion (40–41%) effects. AUC results were

similar to those for mean cortisol (person, 19–35%; person by occasion, 26–28%; person by

day by occasion, 53–60%). Although previous studies have not been able to isolate all of

these sources of variance, the proportion of person variance is in line with other estimates

when the interval between assessments was weeks to months (Kirschbaum et al., 1990;

Hruschka et al., 2005; Rotenberg et al., 2012; Shirtcliff et al., 2012). Compared with other

outcomes, the proportions of person variance in diurnal cortisol parameters are similar to

several dimensions of daily mood such as anxiety and anger, although lower than others

such as fatigue and vigor, as well as positive and negative affect measured broadly

(Cranford et al., 2006; Röcke, Li, & Smith, 2009). They are substantially lower than those of

many immunological parameters, some of which reflect over 50% variance due to person

effects (i.e., stable individual differences; Segerstrom & Smith, 2012, Table A). They also

differ in some respects from the proportions of person variance in salivary alpha amylase

(sAA) measured in the present Study 1, with the sAA estimate for the diurnal slope only

slightly higher, but those for mean and AUC substantially higher (Out, Granger, Sephton, &

Segerstrom, 2013).

Decision analyses informed the number of days of data collection needed to achieve

minimum reliability of measurement (.60). Different study designs rely on different

estimates of reliability. For studies comparing differences in measures of diurnal cortisol

between people at a single occasion, how many days of data collection are needed to reliably
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measure these differences? Our analyses suggest roughly a minimum of 10 days for diurnal

slope, 4–8 days for AUC (depending on the sample), and 3 days for mean cortisol. For

studies comparing differences in measures of diurnal cortisol between people at different

occasions, none of the parameters described above can be reliably measured even with over

21 days of data, thereby making it an ineffective design. Finally, for longitudinal studies

interested in comparing within-person differences in measures of diurnal cortisol across

occasions, we suggest collecting a minimum of 5–10 days at each occasion for diurnal slope

and 3 days for mean cortisol and AUC. To our knowledge, these are the first estimates for

within-subject longitudinal designs. It is worth noting that the designs in our studies

involved intervals of weeks to months between measurement occasions, which may have

increased our ability to detect within-person change across occasions by allowing enough

time for change to occur.

It may appear that the number of days necessary to reliably assess cortisol makes

longitudinal designs with multiple occasions cost-prohibitive. However, cortisol slopes

calculated using two samples per day (waking and evening) strongly correlated with

estimates using several samples per day (see also Kraemer et al., 2006). A recommended

strategy would be to collect fewer samples per day over more days. For instance, a protocol

in which participants provide 2 samples over the course of 10 days would be better able to

detect between-and within-person differences in cortisol slope than one in which participants

provide 5 samples a day over 4 days. It maximizes power to capture differences in diurnal

slope while keeping the cost equivalent. It is also likely less burdensome for the participant,

as it requires fewer interruptions to his or her daily routine.

Although increasing the number of data collection days has a financial cost, there are also

costs to not doing so. Collecting insufficient data will produce sub-optimal reliability of

measurement and large error variance, which will in turn increase the probability of Type II

errors. In the case of a Type II error caused by insufficient reliability, all of the financial cost

has gone to naught. Costs of unreliability therefore include both postponement to scientific

advancement and expenditures of researcher and participant resources (Halpern et al., 2012;

Segerstrom & Smith, 2012). A related issue concerns replicability, a concern that has re-

emerged recently in psychology and other fields. Two studies are most likely to converge on

the same finding when their estimates are both accurate, and this is less likely to be true

when their measures are unreliable (Segerstrom et al., 2006).

The greatest variability was due to idiosyncratic interactions among person, occasion, and

day. Although such variability is usually treated as error, there are likely unmeasured

variables that partially account for this variance. Researchers could therefore transform

unexplained error into “good” variance (Segerstrom & Smith, 2012). In the present study,

for example, fatigue and pain were related to “error” variance in cortisol slope, manifest as

flattening of the diurnal cortisol profile. In turn, flattened diurnal cortisol slopes are

clinically relevant, both in terms of psychological (Carlson et al., 2007; Cohen et al., 2006;

Miller et al., 2007) and physical health (Sephton et al., 2000; Kumari et al., 2011; Sephton et

al., 2013). In addition to mood and health behavior, other daily measures may provide

insight into the causes of day-to-day variation in diurnal cortisol.
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These results can also inform covariate design. Covariates should account for the “error”

variance associated with facets not of interest, thereby increasing the proportion of variance

in the facet of interest. For example, where differences between people are of interest (i.e.,

the Person facet), covariates should be selected that can account for differences due to days

and occasions (i.e., facets including Occasion and Day effects). For example, in Study 1, the

same person-level reliability of diurnal slope measurement could be expected with 1 less day

of measurement if “error” variance due to wave- and day-level fatigue and pain was

removed. It is important to note that although appropriately used covariates may improve

“physiometric” properties, they can compromise the ability to compare results across studies

that use different covariates and as such have different (residualized) outcome variables

(Segerstrom, 2009).

These studies are not without limitations. First, both used relatively healthy samples.

Although the results closely corroborated one another, further research should test how well

results generalize to other populations, including those with medical illness. The

generalizability of cortisol parameters may differ across populations; for example, in the

present studies, variance due to stable individual differences in AUC was lesser in older than

in younger adults (Table 1), leading to different projections in the decision study (Table 2).

Second, the saliva collection procedure was not monitored and time of day was self-

reported. Although this procedure reduced cost and burden and may be informative in terms

of design decisions for similar studies, it also introduced variability. Across data from both

studies, the waking mean time was 7:59 am, with a relatively large interquartile range

(2:00). This variability is to be expected, considering that time of waking was controlled by

the participant and not by the study design. Other time points showed good compliance and

less variability, with the noon sample collected on average at 12:32 pm (0:50), the 5 pm at

5:28 pm (0:45) and the 9 pm at 9:32 pm (0:55). Further research is needed to determine how

effective more standardized and highly monitored procedures would be in improving the

reliability of diurnal cortisol estimates.

Despite these potential limitations, these studies provide insights into future directions in

research employing diurnal cortisol. Many salivary cortisol studies employ between-subject

designs. There is less longitudinal, within-subject research exploring how cortisol

parameters change within people over time. Future research should also begin modeling

within-person effects, and doing so with sufficient number of data collection days.
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Highlights

• Two studies characterized sources of variability (day, occasion, and person) in

diurnal slope, AUC, and diurnal mean of salivary cortisol and determined how

many days of measurement would be needed to construct reliable measures for

the detection of between-person and within-person differences.

• Three days of measurement provided the minimal level of reliability in mean

cortisol to detect between-person and within-person differences.

• Three days of measurement provided the minimal level of reliability in AUC for

within-person differences; 4–8 days were necessary for between-person

differences.

• Five to 8 days of measurement provided the minimal level of reliability in

diurnal slope; 10 days were necessary for between-person differences.
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Highlights

• Two studies characterized variability and reliability in diurnal mean, AUC, and

diurnal slope of salivary cortisol.

• Reliability estimates were provided for between- and within-person designs.

• Between and within people, 3 measurement days provided minimal reliability of

mean cortisol.

• Within people, 3–4 measurement days provided minimal reliability of AUC;

between people, 4–8 days.

• Within people, 5–8 measurement days would provide minimal reliability of

diurnal slope; between people, 10–11 days.
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Table 1

Four kinds of reliability (Cranford et al., 2006), with descriptions and design examples

Description Design Decision Question Empirical Example

I. Between
subjects at the
same occasion
of measurement

Cross-sectional,
single
occasion

How many days of data are
required to construct a
reliable measure of
differences between people
measured at the same
occasion?

Finding: Education correlated
negatively with diurnal
cortisol slope (Cohen et al., 2006).
Sampling: 5 samples per day,
1 day, 781 participants

II. Between
subjects at
different
occasions of
measurement

Cross-sectional,
different
occasions

How many days of data are
required to construct a
reliable measure of between
people measured at different
occasions?

Finding: Psychological and
sleep variables measured once
were unrelated to diurnal
cortisol mean, slope, or AUC
measured once in breast
cancer patients at varied
points post-diagnosis (Carlson et al., 2007)
Sampling: 4 samples per day,
1 day, 33 participants

III. Between
subjects across
multiple
occasions

Longitudinal
or repeated
measures,
multiple
occasions

How many days of data over
how many time points are
required construct a reliable
measure of stable differences
between people?

Finding: A personality
subscale of the SCL-90
measured at one time point
significantly correlated with
mean basal cortisol levels
averaged across 3–6 years
(Lupien et al., 1996)
Sampling: 24 samples per day,
1 day, 3–6 occasions, 19
participants

IV. Within
subjects,
change across
occasions

Longitudinal
or repeated
measures,
multiple
occasions

How many days of data at
each time point are required
construct a reliable measure
of differences between
occasions within the same
person?

Finding: Foster children
receiving an intervention had
steeper diurnal cortisol slopes
over time; children in regular
foster care had flatter slopes
over time (Fisher et al., 2007).
Sampling: 2 samples per day,
2 days, 12 occasions, 117
participants
Note: A latent variable was
used to isolate occasion from
day variance

Note: See Kudielka and colleagues (2012) for design considerations regarding within-day research questions such as those associated with
ecological momentary assessment
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Table 5

Correlations of 2- and 3-point cortisol slopes with the 4-point cortisol slope as the standard in Study 1 (N =

115) and correlations of 2-point slopes with the 3-point slope in Study 2 (N = 84)

Points included Mean correlation Median correlation (25th–75th percentile)

Wake, noon, 5 pm .86 .83 (.60 – .94)

Wake, noon, 9 pm .99 .98 (.95 – .99)

Wake, 5 pm, 9 pm .99 .99 (.96 – .99)

Wake, noon .62 .62 (.16 – .83)

Wake, 5 pm .84 .81 (.56 – .94)

Wake, 9 pm .97 .97 (.92 – .99)

Wake, 5 pm .80 .77 (.33–.94)

Wake, 9 pm .99 .99 (.96–.99)
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